In acute hippocampal slices, we found that the presence of extracellular brain-derived neurotrophic factor (BDNF) is essential for the induction of spike-timing-dependent long-term potentiation (tLTP). To determine whether BDNF could be secreted from postsynaptic dendrites in a spiketiming-dependent manner, we used a reduced system of dissociated hippocampal neurons in culture. Repetitive pairing of iontophoretically applied glutamate pulses at the dendrite with neuronal spikes could induce persistent alterations of glutamate-induced responses at the same dendritic site in a manner that mimics spike-timing-dependent plasticity (STDP)-the glutamate-induced responses were potentiated and depressed when the glutamate pulses were applied 20 ms before and after neuronal spiking, respectively. By monitoring changes in the green fluorescent protein (GFP) fluorescence at the dendrite of hippocampal neurons expressing GFPtagged BDNF, we found that pairing of iontophoretic glutamate pulses with neuronal spiking resulted in BDNF secretion from the dendrite at the iontophoretic site only when the glutamate pulses were applied within a time window of approximately 40 ms prior to neuronal spiking, consistent with the timing requirement of synaptic potentiation via STDP. Thus, BDNF is required for tLTP and BDNF secretion could be triggered in a spike-timing-dependent manner from the postsynaptic dendrite.
Introduction
Brain-derived neurotrophic factor (BDNF), a member of the neurotrophin family of proteins, was initially identified as a factor critical for neuronal survival and neurite growth during early neural development [1] . Extensive studies in the past two decades have shown that neurotrophins are also involved in regulating diverse neuronal functions, including modulation of synaptic efficacy and plasticity in the mature brain [2, 3] . Exogenous application of BDNF was shown to potentiate the efficacy of basal synaptic transmission by enhancing presynaptic transmitter secretion [4, 5] , leading to a higher capacity for some excitatory synapses to undergo activity-induced long-term potentiation (LTP) [6, 7] . Depleting endogenous BDNF by genetic means [8] or acutely with extracellular-specific chelating agents, e.g. TrkB-IgG [6, 9] and BDNF antibodies [10] , impaired LTP induction by highfrequency stimulation (HFS), indicating that secreted BDNF is critical for the induction or stabilization of activity-dependent synaptic plasticity.
The interest in BDNF in the field of synaptic plasticity was greatly stimulated by the findings from cultured neurons that the secretion of neurotrophins is activitydependent [11] and LTP-inducing HFS is most effective in triggering BDNF secretion [12] [13] [14] [15] . This led to the idea that synaptic activity could trigger secretion of BDNF locally at the synapse and the subsequent actions of BDNF mediates synaptic changes underlying LTP. The evidence cumulated so far supports this idea. For example, long-term structural changes, including increased number and volume of postsynaptic spines caused by high-frequency synaptic activity, was abolished by applying chelating agent TrkB-IgG (tropomyosin receptor kinase B-immunoglobulin G) prior to the induction of spike-timing-dependent potentiation [16] .
Two issues associated with synaptic secretion of BDNF remain unresolved: first, the source of BDNF-whether the BDNF is secreted from the pre-or & 2013 The Author(s) Published by the Royal Society. All rights reserved.
postsynaptic neurons and what compartments are mainly responsible for storing synaptic BDNF; second, whether all forms of LTP of excitatory synapses require local secretion of BDNF. In particular, whether persistent synaptic potentiation induced by low-frequency (1 Hz) pairing of pre-and postsynaptic spiking, a form of spike-timing-dependent LTP (tLTP), also requires BDNF signalling, and whether BDNF secretion can be triggered by low-frequency synaptic activity.
In this study, we first examined whether BDNF plays a role in the induction of tLTP in hippocampal slices. We found that depletion of extracellular BDNF with TrkB-IgG, a soluble scavenger that binds to BDNF, completely abolished tLTP induction. We then used hippocampal neurons in dissociated cultures to examine whether BDNF secretion from dendrites could be triggered by low-frequency synaptic excitation in a spike-timing-dependent manner. To monitor BDNF secretion, we transfected the cultured neurons with a viral construct that expresses green fluorescent protein (GFP)-tagged BDNF, a method previously used for studying Ca 2þ -dependent BDNF secretion from both synaptic and extrasynaptic sites along the dendrite [17, 18] . To simplify the system and interpretation of the results, we simulated the spike-induced glutamate release from the presynaptic axon terminal with iontophoretic ejection of glutamate pulse (150 mM) at the postsynaptic dendrite, as marked by the immobile BDNF fluorescent puncta in the dendrite. This allowed us to determine whether glutamate pulses are sufficient to serve as the presynaptic signal to trigger the postsynaptic BDNF secretion. Finally, we tested the dependence of BDNF secretion on the time interval between glutamate pulses and neuronal spiking, and compared the time window required for effective BDNF secretion with that of spiketiming-dependent plasticity (STDP) in this culture system [19] . The results showed that tLTP indeed requires the action of extracellular BDNF and that low-frequency pairing of glutamate release and postsynaptic spiking is sufficient to trigger the release of BDNF in a spike-timing-dependent manner.
Material and methods (a) Slice preparation and electrophysiology
Acutely isolated hippocampal slices were prepared from Sprague Dawley rats (Charles River) as previously described [20] . Whole-cell recording was made from CA1 pyramidal neurons in the hippocampus using a patch-clamp amplifier (MultiClamp 700B, Molecular Devices, Sunnyvale, CA, USA) under infrared DIC optics at 30 (+1)8C. Data were acquired with a digitizer (DigiData 1322A, Molecular Devices) and analyzed with PCLAMP 10 software (Molecular Devices). Extracellular stimulation pulses (50 ms duration) were applied with a bipolar electrode (WPI Inc., Sarasota, FL, USA) placed along the Schaffer collaterals using a stimulator system (Master 8, Jerusalem, Israel). Evoked excitatory postsynaptic potentials (EPSPs) were recorded at 270 mV in current clamp in the presence of SR 95531 (10 mM). The spiketiming protocol for LTP induction consisted of 80 EPSP-spike pairs delivered at 1 s intervals (1 Hz). The postsynaptic spikes were evoked by injection of depolarizing current pulses (1-2 nA, 2-3 ms), with the onset of EPSPs preceding the peak of postsynaptic spikes by 20 ms. The intracellular solution for whole-cell recording contained (in mM): 140 K gluconate, 5 KCl, 10 HEPES, 0.2 EGTA, 2 MgCl 2 , 4 MgATP, 0.3 Na 2 GTP and 10 Na 2 -phosphocreatine (at pH 7.2 with KOH). Data were discarded when the series resistance changed by more than 20% during the course of the experiment.
(b) Cell culture preparation and transfection Low-density cultures of dissociated embryonic hippocampal neurons were prepared as described previously [21] . Briefly, hippocampi were removed from embryonic rats (embryonic days 20 -21) of a Sprague Dawley rat and treated with trypsin for 15 min at 378C, followed by gentle trituration. The dissociated cells were plated at a density of 10 000 -15 000 cm 22 on poly-Llysine-coated glass coverslips. The culturing medium was Neurobasal (Invitrogen) supplemented with B-27 (Invitrogen) and glutamine (Invitrogen). We used pyramidal neurons on 14 -21 days in vitro (DIV).
Cells were transfected on 5 DIV using Lipofectamine 2000 (Invitrogen) in Opti-MEM 1 medium (Invitrogen) according to the instructions of the manufacturer. We used a Gal4-UAS bipartite system to drive the expression of the BDNF probes. Approximately 3 kb genomic fragment from the zebrafish HuC putative promoter was used to drive the expression of Gal4 activator protein, which in turn binds to the upstream activation sequence (UAS) and induces the expression of mouse BDNF-EGFP (enhanced GFP) proteins. The cDNA for BDNF-EGFP was kindly provided by Dr M. Kojima (National Institute of Advanced Industrial Science and Technology, Osaka, Japan).
(c) Iontophoresis, whole-cell recording and imaging
The iontophoretic method followed that described previously [22] . Briefly, a sharp iontophoretic pipette with a resistance of 150-300 MV was filled with 150 mM glutamate (pH 8.0, adjusted with NaOH). The pipette tip was coated with Sylgard-184 (Dow Corning, Midland, MI, USA) to reduce the pipette capacitance. Both the holding current (1.5-2.0 nA) and iontophoretic current (10-100 nA, with a duration of 0.2-1.0 ms) were applied through the Multiclamp 700B amplifier. The pipette capacitance was compensated for a built-in function of the amplifier. The tip of the pipette was put 2-5 mm away from the targeted dendritic spine of the recorded neuron. Whole-cell recordings were made on infected cultured hippocampal neurons with fluorescence. The recording pipette was filled with the same intracellular solution as above. The bath solution contained (in mM): 145 NaCl, 3 KCl, 10 HEPES, 3 CaCl 2 , 8 glucose and 2 MgCl 2 (at pH 7.40 with HCl). Throughout the experiment, the neurons were constantly perfused with fresh bath solution at a slow rate. All experiments were done at room temperature (22-248C). Coverslips with transfected cells were loaded into a custom-made chamber and mounted on the stage of a Nikon E600FN microscope with 40Â (NA 0.8) water-immersion objectives. Cells were perfused at 1 ml min 21 with a normal extracellular solution (in mM: 119 NaCl, 2.5 KCl, 2 CaCl 2 , 2 MgCl 2 , 30 glucose and 25 HEPES). Cells were illuminated with a 100 W mercury arc lamp with neutral density filter attenuation. The filter set for EGFP comprised a 470AF40 excitation filter, a 495DRLP dichroic mirror and a 525AF50 emission filter (Chroma Technology). Time-lapse images were acquired (acquisition time, 500 ms) with a 12-bit cooled CCD camera (ProgRes) at 1 Hz. A Master-8 stimulator (AMPI, Israel) was used to control the onset timing of the iontophoretic current, postsynaptic whole-cell recording and image acquisition. The STDP protocols with different time intervals were applied randomly to the cell during the experiment. For the treatment with D(-)-amino-5-rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130132 phosphonopentanoic acid (D-APV, 50 mM, Tocris), data were taken 10 min after the onset of drug perfusion.
(d) Image analysis
After acquisition, the images were processed for viewing with NIH IMAGEJ. We set a region of interest with a circle over the targeted BDNF-EGFP spine observed on the dendrite of the recorded neuron. To cancel out possible variation of expression levels of BDNF-EGFP and image acquisition conditions among different preparations, we presented data as normalized fluorescence changes (DF/F 0 ), in which fluorescence changes (DF) at a given time were divided by the baseline fluorescence before stimulation (F 0 ).
(e) Statistical analysis
For statistical comparison between two datasets, we first examined whether the data in each set were normally distributed (Jarque-Bera test). If both datasets showed normal distribution, we used the parametric test (t test); otherwise, we used the non-parametric test (Kolmogorov-Smirnov test) or one-way ANOVA. Summary data are given as means + s.e.m.
Results (a) Induction of tLTP requires extracellular BDNF
Whole-cell recording was made from CA1 pyramidal cells in acutely isolated hippocampal slices from postnatal day 18 (P18) rats, and induction of tLTP was performed by pairing extracellular stimulation of Schaffer collaterals from CA3 with the spiking of pyramidal cells induced by injection of brief (approx. 1 ms) depolarizing current pulses. Following repetitive pairing presynaptic stimulation at 20 ms before postsynaptic spiking at a frequency of 1 Hz (with the total number of 80 stimuli), we found that there was an immediate increase in the amplitude of excitatory postsynaptic potentials (EPSPs), and this potentiation persisted for as long as the recording was made (normally more than 40 min). An example of a recording is shown in figure 1a . The average results from five similar experiments showed that tLTP could be induced reliably at these CA1 synapses. These results are consistent with the finding of STDP in this slice preparation [23] , although the stimulation frequency used here was lower than that used in the latter study.
Previous studies of HFS-induced LTP at these CA3-CA1 synapses have shown that the presence of extracellular BDNF is required [6] . In this study, the same strategy was used: The slice was perfused with solution containing TrkB-IgG (5 mg ml 21 ), a soluble ligand that chelates extracellular BDNF, for 10 min prior to the application of pre-and postsynaptic pairing of spikes as described above. We found that no change in the EPSP amplitude was induced. As control, incubation with nonspecific IgG at the same concentration [6] had no effect on the induction of tLTP. These results indicate that extracellular presence of BDNF during the time of induction is required for induction of tLTP. As discussed below, these experiments could not distinguish whether constitutively secreted BDNF or pairing-induced secretion of BDNF is required for tLTP.
(b) Spike-timing-dependent enhancement of glutamate responses
In cultures of dissociated hippocampal neurons, potentiation and depression of excitatory synapses could be induced by pairing pre-and postsynaptic spiking, with pre-before-post spiking and post-before-pre spiking within an interval of about 20 ms resulting in LTP and LTD, respectively [19] . For the induction of LTP at hippocampal CA1 excitatory synapses via either HFS or STDP, the requirement of postsynaptic activation of N-Methyl-D-aspartate (NMDA) receptors is well documented [19, 23, 24] . It remains unclear whether the contribution by presynaptic neurons to LTP induction is to provide timely release of only glutamate or other substances also, e.g. BDNF. We thus decided to use a 'reduced' version of the hippocampal synapse, substituting the presynaptic nerve terminal with an iontophoretic pipette that delivered pulses of glutamate to simulate presynaptic glutamate release We then repetitively paired the iontophoretic glutamate pulses with postsynaptic spikes (initiated by brief current injection) at a frequency of 1 Hz, 80 times, with each iontophoretic pulse followed by a postysynaptic spike at an interval of 20 ms. We observed an persistent increase of the amplitude of the sEPSCs immediately after the paired stimulation. An example of a recording from one experiment is shown in figure 2c , together with changes in the average sEPSC amplitude from all five experiments, normalized by the mean amplitude prior to the paired stimulation in each experiment. Furthermore, pairing of iontophoretic glutamate pulses with postsynaptic spikes but in the opposite temporal order, i.e. each postsynaptic spike preceded the glutamate pulse by 20 ms, led to a persistent reduction of the amplitude of sEPSCs (figure 2d). These results are fully consistent with STDP reported at hippocampal synapses, using paired stimulation of pre-and postsynaptic neurons via dual whole-cell recording [19] , and suggest that presynaptic contribution of glutamate is sufficient for the induction of tLTP at these glutamate synapses.
(c) Spike-timing-dependent release of BDNF Using iontophoretic application of glutamate, we then examined whether pairing of glutamate pulses with neuronal spiking at a low frequency of 1 Hz, a condition that resulted in spike-timingdependent persistent potentiation and depression of glutamateinduced responses, also leads to dendritic secretion of BDNF. The neurons were transfected with a construct expressing BDNF-enhanced GFP ( figure 3a) , and the release of BDNF monitored by the reduction of EGFP fluorescence locally at the spine. As shown in the example recordings from a neuron, repetitive glutamate application (1 Hz, 80 pulses) at dendritic spines at 20 ms preceding neuronal spiking (induced by brief injection of depolarizing currents) led to a reduction of EGFP fluorescence at the spines within 2 min (figure 3b), whereas similar pairing with the order of glutamate pulse and neuronal spiking reversed resulted in no significant change in the spine EGFP fluorescence. Notably, either inducing neuronal spiking or applying glutamate pulses alone at the same frequency for the same total number of stimuli had no significant effect on the EGFP fluorescence, indicating the release of BDNF depends on the pairing of glutamate and spiking. Results from 12 experiments on the BDNF release under þ20 ms and 220 ms intervals showed that spike-timing-dependent release of BDNF was highly significant (figure 3e, p , 0.01, paired t-test).
We also examined the dependence of BDNF release on the total number of glutamate-spike pairings, with the repetition rate kept a constant of 1 Hz. As shown in figure 4a-d, there was a progressive increase in the amplitude of EGFP fluorescence reduction at the spines, with a minimal number of stimuli for inducing detectable signals of between 40 and 80 stimuli. Furthermore, we examined whether BDNF release depends on the activation of NMDA receptors, similar to that required for the induction of tLTP. As shown in figure 4e-h, the reduction of EGFP fluorescence in response to 80 pairs of glutamate pulses and neuronal spikes (at the interval of þ20 ms) was greatly diminished when the NMDA receptor antagonist D-(2)-2-amino-5-phosphonopentanoate (D-APV, 50 mM) was present in the recording medium. Thus, spiketiming-dependent BDNF secretion from these neurons depends on the activation of NMDA receptors. rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130132
To further examine the spike-timing dependence in the dendritic secretion of BDNF, we varied the time interval between the iontophoretic application of glutamate and induction of postsynaptic spiking, with the frequency (1 Hz) and the total number of glutamate -spike pairings (80) kept constant. We found a significant reduction of EGFP fluorescence at the site of glutamate application following repetitive pairing when the interval was 0 or þ20 ms, but not when the interval was þ50, þ100, 220 or 2100 ms. These results showed a clear temporal window for BDNF secretion that coincides with the time window for tLTP induction, but not that for tLTD induction (figure 5).
Discussion
Synaptic secretion of BDNF is known to modulate the efficacy and activity-dependent plasticity of many synapses rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130132 [2, 3] . In this study, we showed that BDNF is not only required for LTP induced by high-frequency tetanic stimulation at Schaffer collateral-CA1 synapses, as demonstrated previously [6, 9] , it is also required for tLTP at these synapses [23] . By using a reduced system of cultured hippocampal neurons to eliminate the possible contribution of presynaptic BDNF release for tLTP formation, we showed that tLTP-and tLTD-like changes in glutamate responses at postsynaptic sites could be induced when glutamate pulses were paired with neuronal spiking. Because the amount of BDNF secretion from single postsynaptic sites showed a similar spike-timing dependency in a manner that correlated with the induction of tLTP/tLTD (figure 5), our results suggest that presynaptic BDNF is not necessary for the induction of tLTP, and postsynaptically secreted BDNF may act in an autocrine manner for inducing tLTP. Recent study also showed that STDP formation in the prefrontal cortical synapse is impaired in the mouse with Val66Met polymorphism that reduces BDNF secretion [25] , indicating a requirement of activity-dependent BDNF secretion for tLTP formation.
In the study of tLTP in hippocampal slices, TrkB-IgG was applied to the recording medium 10 min prior to the paired stimulation. This treatment presumably depletes the availability of BDNF to the synapses during the induction and maintenance of synaptic potentiation. The absence of any potentiated responses immediately following the paired stimulation suggests that extracellular BDNF is immediately required for the induction process, although previous studies have shown that BDNF is also required for the late-phase LTP (L-LTP) that involves structural changes and new protein synthesis [26] . Our results support the notion that there is a rapid protein synthesis-independent action of secreted BDNF during tLTP induction, and depleting extracellular BDNF could immediately terminate LTP induction. As neurotrophins are highly positively charged at physiological pH and readily bind to cell surfaces and the extracellular matrix upon release [27] , extracellular diffusional spread of secreted BDNF is likely to be rather limited. Thus, the action of secreted BDNF may be confined to the specific synapse that receives positively timed glutamate pulses and postsynaptic spiking, without affecting neighbouring synapses. However, extracellular BDNF may be a permissive factor required at the synapse, e.g. for maintaining the presynaptic efficacy of transmitter secretion [6,7,27 -29] and BDNF secretion specifically triggered by the paired spiking of pre-and postsynaptic neurons may not be necessary. To distinguish these two possibilities, it is necessary to eliminate selectively BDNF constitutively secreted at the synapse versus BDNF owing to pairing activity-induced secretion. A new experimental strategy for such selective elimination of BDNF remains to be further developed.
In our experiments on BDNF secretion, EGFP-tagged BDNF in the hippocampal neuron is presumably stored in post-Golgi dense-core vesicles, similar to those of endogenously synthesized BDNF [28] . A previous study has shown that the density of BDNF-GFP puncta was comparable with that of immunostained endogenous BDNF puncta both in dendrites and axons. However, the apparent size of BDNF-GFP-containing puncta appeared to be larger, suggesting a larger amount of BDNF-GFP in individual puncta. The same neuronal activity (or Ca 2þ elevation) at the release site may evoke a higher amount of BDNF-GFP release from BDNF-GFP-expressing dendrites than of endogenous BDNF release from untransfected dendrites [17] . Our results are in general agreement with previous studies using overexpression of pH-sensitive GFP-tagged BDNF in neuronal cultures [17] , indicating the importance of synaptic activation of NMDA receptors for BDNF secretion. Activation of these receptors allows substantial subsynaptic Ca 2þ elevation that could promote exocytosis of BDNF-containing vesicles. However, whether activity-induced BDNF secretion in vivo indeed occurs at postsynaptic dendrites remains to be examined, because it remains unclear whether pre-or postsynaptic neurons provide the main source of BDNF in vivo. Dendritic targeting of specific forms of bdnf mRNAs has been observed in cultured neurons [29] , but whether BDNF is synthesized locally and whether newly synthesized BDNF in the dendrite could undergo activity-dependent synaptic secretion in vivo remain unclear. This issue is further confounded by the recent finding that in knock-in mice expressing myc-tagged BDNF, immunogold staining of mature hippocampal tissues showed BDNF-containing organelles in the Shaffer-collaterals but not in the dendrite of CA1 pyramidal cells [30] . However, it is still possible that BDNF could be stored in CA1 Only synapses with initial amplitude of less than 500 pA were included, and all responses were subthreshold for data associated with negatively correlated spiking. Calibration: 50 mV, 10 ms. (Adapted from [19] .) (Online version in colour.) rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130132 dendritic compartments during development and secreted in an activity-dependent manner for LTP-like modification during neural circuit maturation and refinement. Furthermore, given the ample evidence of anterograde and retrograde transport and intercellular transfer of neurotrophins in vivo [31 -34] and in vitro [35] , a neuron that does not synthesize BDNF itself may acquire the protein via endocytic uptake from source cells, and acquired BDNF may undergo activity-induced secretion in a manner similar to that found for exocytosis of false transmitters [36, 37] .
In summary, our results support the notion that BDNF is required for tLTP and provide evidence that postsynaptic BDNF could be secreted by low-frequency synaptic activity when paired with neuronal spiking within the time window (approx. 20 ms) that allows tLTP induction. Although underlying mechanisms for spike-timing-induced BDNF secretion need to be further elucidated and the exact sites of BDNF secretion in vivo remain unclear, our study indicates that the NMDA receptor-dependent pathway in the postsynaptic cell is critical for spike-timing-dependent BDNF secretion from the dendrite during low-frequency synaptic activation.
